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HIGHLIGHTS

� Late in-stent restenosis is a significant problem in the management of atherosclerotic arterial disease that has not been

completely ameliorated by the use of drug-eluting stents.

� ELIPs have been developed by our laboratory for specific ligand targeting, payload encapsulation, and ultrasound-

activated payload release.

� An EndoSonic endovascular catheter with an ultrasonic core approved by the U.S. Food and Drug Administration for

ultrasound-assisted, catheter-directed thrombolysis was harnessed to deliver and activate our ELIP preparations for

targeted drug delivery in the peri-stent atheroma.

� Two ELIP preparations, nitric oxide–containing ELIPs and anti–intercellular adhesion molecule-1 antibody-

conjugated, pioglitazone-loaded ELIPs, were sequentially delivered and ultrasonically activated by an EKOS catheter in

stented arteries in an atherosclerotic miniature swine model.
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ABBR EV I A T I ON S

AND ACRONYMS

ELIP = echogenic liposome

ICAM = intercellular adhesion

molecule

IVUS = intravascular

ultrasound

NO = nitric oxide

PGN = pioglitazone

SPDP = 3-(2-pyridyldithio

propionic acid)-N-

hydroxysuccinimide ester
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� This study presents in vivo evidence of ELIP targeting to inflamed arterial wall by anti–intercellular adhesion

molecule-1 antibody and ultrasound-driven pioglitazone delivery into deeper layers of the arterial wall. The result

is a marked decrease in atheroma formation in the peri-stent region in arteries where the ultrasound-activated

therapeutic was administered.
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Late in-stent restenosis remains a significant problem. Bare-metal stents were implanted into peripheral arteries

in miniature swine, followed by direct intra-arterial infusion of nitric oxide–loaded echogenic liposomes (ELIPs)

and anti–intercellular adhesion molecule-1 conjugated ELIPs loaded with pioglitazone exposed to an endovas-

cular catheter with an ultrasonic core. Ultrasound-facilitated delivery of ELIP formulations into stented pe-

ripheral arteries attenuated neointimal growth. Local atheroma-targeted, ultrasound-triggered delivery of nitric

oxide and pioglitazone, an anti-inflammatory peroxisome proliferator–activated receptor-g agonist, into stented

arteries has the potential to stabilize stent-induced neointimal growth and obviate the need for long-term

antiplatelet therapy. (J Am Coll Cardiol Basic Trans Science 2020;5:1–11) © 2020 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
I n the management of atherosclerotic lesions,
stent implantation is effective against acute
luminal loss, but the potential for late luminal

loss due to in-stent restenosis remains an important
clinical challenge (1). Neointimal growth and in-stent
restenosis are the results of acute arterial injury by an-
gioplasty, platelet and leukocyte activation due to
stent component exposure, and smooth muscle cell
proliferation (2,3). Stents delivering antiproliferative
agents such as sirolimus and paclitaxel are effective
against neointimal proliferation, but the unpredict-
able risk of very late stent thrombosis due to impaired
re-endothelialization and delayed vascular healing re-
mains a significant problem (4,5). Despite the success
of drug-eluting stents in reducing in-stent restenosis
in certain coronary lesions, clinical trials studying the
use of drug-eluting stents in peripheral artery disease
have reported disappointing long-term results (6,7).

These stent-related complications led investigators
to evaluate other strategies for local delivery of
antiproliferative or “pro-healing” drugs without the
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need for an implanted drug delivery system. Such
strategies may allow the delivery of a drug at thera-
peutic doses initially without the restriction imposed
by stent-based delivery systems. We have shown that
local delivery of therapeutic agents could acutely
stabilize atheroma and result in durable anti-
inflammatory effects against neointimal hyperplasia
(8). Our delivery platform is based on an echogenic
liposomal formulation with targeting capabilities via
surface functionalization that can be loaded with
both gaseous and hydrophilic therapeutic agents and
activated with ultrasound exposure for controlled
payload release. Our previous studies showed the
versatility of such a delivery platform in delivering
bioactive gases and other therapeutic agents that are
molecularly targeted to atheroma and resulted in
attenuation of neointimal hyperplasia (8), enhancing
the effects of thrombolytic agents (9) and reducing
the infarct size in stroke (10,11).
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Food and Drug Administration to enable site-specific
delivery of therapeutic agents from echogenic lipo-
somes (ELIPs) into stented peripheral arteries. The
initial phase of ELIP infusion delivers therapeutic
doses of nitric oxide (NO) for acute antioxidative and
antiplatelet effects, as well as increasing arterial wall
permeability to maximize drug delivery efficiency.
The subsequent phase of ELIP infusion targets adhe-
sion molecule expression in the vicinity of the sten-
ted vessels and delivers pioglitazone (PGN) into the
arterial wall for sustained anti-inflammatory and
antiproliferative effects. We hypothesized that such
an ultrasound delivery strategy of echogenic lipo-
somal payload would inhibit neointimal hyperplasia
and in-stent restenosis in the stented peripheral ar-
teries in a large animal model of atherosclerosis.
SEE PAGE 12
METHODS

PREPARATION AND CHARACTERIZATION OF NO-ELIPs.

The preparation of ELIPs, anti–intercellular adhesion
molecule-1 (ICAM-1)-conjugated ELIPs, NO-loaded
ELIPs, and PGN-loaded ELIPs has been described previ-
ously (8,12–14). To prepare NO-ELIPs, lipid components,
egg phosphatidylcholine, dipalmitoylphosphatidylcho-
line, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine,
dipalmitoylphosphatidylglycerol, and cholesterol
(27:42:8:8:15, molar percent) were mixed in a glass vial
as chloroform solutions. The chloroform was then
removed by evaporation under argon followed by vac-
uum overnight. The dried lipid film was rehydrated
with deionized water at 10 mg of lipid per milliliter.
The hydrated lipid was then incubated at 55�C for
30 min to ensure that all lipids were in the liquid
crystalline phase during hydration. The mixture was
then sonicated in a water bath for 5 min, following
which an equal volume of 0.32 M mannitol was added.
Samples of 5 mg were transferred to a 2 ml glass vial
and frozen on dry ice (–80�C) for 4 h. The frozen
sample was lyophilized for 48 h. After lyophilization,
the vial containing the dry cake was topped with argon
and capped with a lid fitted with a rubber septum. A
mixture of NO (Specialty Gases of America Inc., Toledo,
Ohio) and octafluoropropane (Matheson Tri-Gas, Hous-
ton, Texas) at a ratio of 1:9 was deoxygenated by
bubbling through 5 M sodium hydroxide before being
injected into the vial containing the lyophilized dry
cake via the rubber septum. Before administration, the
dry cake was reconstituted with deoxygenated water
saturated with NO and octafluoropropane (1:9).
PREPARATION OF ANTIBODY-CONJUGATED PGN-ELIPs.

To prepare PGN-ELIPs, lipid components, 1,2-distearoyl-
sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-[4-(p-maleimidophenyl)
butyramide], 1,2-dioleoyl-sn-glycero-3-phosphocholine,
and cholesterol (52:8:30:10, molar percent) were mixed
in a 250 ml round bottom flask. PGN (2 mg) was dis-
solved in 1 ml chloroform and added to the lipid
mixture. The chloroform was removed under argon
followed by vacuum overnight. The dried lipid film was
hydrated with 0.32 M mannitol. The PGN-ELIPs were
separated from free PGN by centrifugation at 5,800 g
for 10 min.

To prepare antibody-conjugated PGN-ELIPs,
0.4 mg monoclonal anti-human/porcine ICAM-1
(Clone R6.5, eBioscience, Thermo Fisher Scientific,
Waltham, Massachusetts) and 1.6 mg nonspecific
mouse immunoglobulin G (IgG; Rockland Immuno-
chemicals, Inc., Gilbertsville, Pennsylvania) were
thiolated by reacting with 3-(2-pyridyldithio propi-
onic acid)-N-hydroxysuccinimide ester (SPDP) at a
SPDP:IgG protein molar ratio of 15:1 for 30 min at
24 � 1�C. Protein was separated from unreacted SPDP
by using gel chromatography on a 50 ml Sephadex
G-50 column (MilliporeSigma, Burlington, Massa-
chusetts) equilibrated with 0.05 M citrate-phosphate
buffer at a pH of 5.5. Protein fractions were identi-
fied by using a spectrophotometric technique
(Genesys 10 UV, Thermo Electron Corp., Milford,
Massachusetts) at a wavelength of 280 nm, pooled
and concentrated to #2 ml using Centricon YM-10
centrifugal filter units (MilliporeSigma).

The SPDP-activated protein was reduced in 25 mM
dithiothreitol under argon for 30 min at 24 � 1�C. The
thiolated protein was isolated by using a Sephadex
G-50 column, equilibrated and eluted with pH 6.7
citrate-phosphate buffer. The thiolated protein was
reactedwith reconstituted 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-[4-(p-maleimidophenyl)
butyrate] (MPB-ELIPs) (10 mg lipid/ml 0.1 M phosphate
buffer at a pH of 6.62) under argon overnight at 24� 1�C.
The suspension was brought to an ionic strength of
0.1 N with 6% sodium chloride and centrifuged for
10 min at 10,000 rpm in a microfuge. Pellets were
washed twice by centrifugationwith 0.02Mphosphate-
buffered saline, pH 7.4, resuspended in 0.1 M mannitol
in reduced sodium (0.95 M) phosphate-buffered saline,
pooled, and lyophilized in 5 mg lipid aliquots in vials
capped with a rubber septum. The headspace of the
vials were evacuated for 5 min by using a laboratory
wall vacuum at –10 mm Hg, followed by pressurization
with 2 ml of octafluoropropane through the rubber
septum by using a 27-gauge needle. Before adminis-
tration, the dry cake was reconstituted with deoxy-
genated water saturated with octafluoropropane.
SWINE PROCEDURE. The animal protocol was
approved by the Animal Welfare Committee at the
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University of Texas Health Science Center at Houston.
Atherosclerotic lesions were induced in both subcla-
vian arteries and the right common carotid artery in
Yucatan miniature swine by using a combination of
hyperlipidemic diet and balloon denudation. This
swine model develops human-like atheroma and has
a close phylogenetic relationship to humans; this
model has been extensively used in translational
laboratories for atheroma evaluation and therapeutic
evaluation (15–19).

Our previous study had validated the lesion char-
acteristics by using intravascular ultrasound (IVUS)
and histology (20). Two weeks before balloon denu-
dation, the animals were fed a hyperlipidemic diet
containing 2% cholesterol and 15% lard. Oral aspirin
(81 mg/d) was commenced 4 days before balloon
denudation. On the day of balloon denudation, ani-
mals were sedated with tiletamine/zolazepam intra-
muscularly (4 mg/kg), intubated and ventilated, and
anesthetized with inhaled isoflurane (1.5% to 3%). An
incision was made in the right inguinal region, and
the right femoral artery was exposed for insertion of a
6-F arterial sheath. Under fluoroscopic guidance, a
4-F Fogarty over-the-wire embolectomy catheter was
introduced into both the subclavian arteries and the
right carotid arteries, and an arterial segment of
w5 cm was denuded 3 times with the inflated balloon
catheter. A total of 9 arteries were denuded. The left
carotid artery was not manipulated. The animals were
then continued on aspirin and the hyperlipidemic
diet for 6 to 8 weeks. Analgesia in the form of intra-
muscular buprenorphine (0.05 mg/kg) was given 2 to
4 times daily for up to 1 week after each survival
procedure.

Six to eight weeks after balloon denudation, the
animals were sedated and anesthetized and subjected
to balloon angioplasty and stent implantation in the
denuded segments. An 8-F arterial sheath was inser-
ted into the left femoral artery. Under fluoroscopic
guidance, a 3.2-F Eagle Eye Platinum intravascular
ultrasound catheter (Philips Healthcare, Bothell,
Washington) was advanced into both the subclavian
arteries and the right carotid artery to visualize the
lumen and arterial wall of the denuded segments.
Bare-metal stents (Boston Scientific, Maple Grove,
Minnesota) measuring 6 mm � 18 mm were success-
fully deployed in 7 of the 9 denuded arterial seg-
ments. Immediately after stent implantation, an
EndoSonic endovascular catheter (EKOS Corporation,
Bothell, Washington) was advanced with the tip of
the guide catheter placed just proximal to the stent
and the EKOS ultrasound element within the stented
segment. Two milliliters of NO-ELIPs (10 mg/ml) were
administered at a constant rate (0.3 ml/min) via the
catheter, followed by a 2 ml saline flush manually at
approximately the same rate. Five minutes after
NO-ELIP infusion, 2 ml of anti–ICAM-1/PGN-ELIPs
(10 mg/ml) were administered at a constant rate
(0.3 ml/min) via the catheter and then followed by a
2 ml manual saline flush. During all infusions, thera-
peutic ultrasound was delivered by the EKOS Endo-
Sonic catheter using the following parameters: 9 W
pulse average power, 15 ms pulse duration, 82.5 ms
minimum pulse repetition interval, and 2.3 MHz
center frequency.

Six arteries were randomized to be treated with
NO-ELIPs þ anti-ICAM-1/PGN-ELIPs with and without
ultrasound (n ¼ 3 with ultrasound; n ¼ 3 without ul-
trasound). Eight weeks later, a laparotomy was per-
formed, and an arterial sheath was inserted into the
abdominal aorta. Under fluoroscopic guidance, an
IVUS catheter was inserted into both the subclavian
and right carotid arteries to visualize the changes in
the luminal size and arterial wall thickness. After
IVUS imaging, the animals were euthanized, and the
arterial segments perfusion-fixed with neutral buff-
ered formalin in situ and harvested for histological
analysis.

To demonstrate payload delivery into the athero-
sclerotic arteries, heterozygous low-density lipopro-
tein receptor–deficient Yucatan miniature swine
(n ¼ 4) from Exemplar Genetics (Sioux Center, Iowa)
(21,22) were fed a Western diet for 3 months and
subjected to the following procedures. About 5 cm of
the proximal carotid and subclavian arteries were
inflated with a percutaneous balloon up to the nom-
inal diameter of the arteries to simulate the stretching
of the arteries during stent implantation. The lipid
components of the ELIPs were labeled with
rhodamine, and PGN was labeled with fluorescein
isothiocyanate. For the infusions, the tip of the 8-F
guide catheter was positioned just proximal to the
inflated arterial segments and the EKOS ultrasound
element within the inflated arterial segments. Fluo-
rescently labeled ELIPs were delivered via the guide
catheter into individual carotid and subclavian ar-
teries with and without ultrasound activation. Thirty
minutes after ELIP delivery, the animals were
euthanized, and the treated arterial segments were
harvested for fluorescence microscopy.
IVUS IMAGING ANALYSIS. IVUS signal data were
used to reconstruct acoustic intensity datasets in the
polar coordinate (radial vs. circumferential axes) (20).
IVUS signal envelope data were collected at 1,024
data points per scan line. A total of 256 scan lines
were collected along the radial direction per
IVUS slice. The acoustic intensity datasets in the polar
coordinate were transformed to the Cartesian



FIGURE 1 Physical Properties and Localization of Pioglitazone in ELIPs

Transmission electron micrographs of (A) empty echogenic liposomes (ELIPs) and (B) ELIPs loaded with pioglitazone shown as an electron-

lucency within the lipid bilayers. (C, D, and E) Fluorescein isothiocyanate–labeled pioglitazone (green) appeared to distribute within the lipid

shell of the ELIPs (red).
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coordinate system for standard IVUS imaging.
Because the imaged arterial segments of interest were
relatively straight, it was assumed that the pullback
direction of the IVUS catheter was parallel to the
longitudinal direction of the artery. A graphical user
interface–based image-processing platform was
developed to interactively trace and segment the
arterial structure interactively for image analysis
(13,20). In a blinded manner, borders of the endo-
thelium/atheroma and the outer edge of the dense
adventitia were manually segmented in each IVUS
slice. Acoustic enhancement within these arterial wall
borders after each treatment was quantitated by us-
ing mean gray scale values (i.e., pixelated bright-
ness data).
HISTOLOGICAL ANALYSIS. Arterial segments con-
taining the stented tissue and several millimeters on
either end were harvested and sent to a pathology
laboratory (Alizée Pathology LLC, Thurmont, Mary-
land) for processing. Briefly, specimens were pro-
cessed through 8 stations of graded alcohols and
xylene under a program of 2 h per station. Specimens
were infiltrated under the following schedule: 1) 2- to
4-h changes of acetone; 2) 48-h change in Spurr/
acetone, 50/50 concentration; 3) 48-h change in Spurr
1; and 4) 48-h change in Spurr 2. Specimens were
subsequently embedded in the Spurr 2 solution and
placed in a 60�C oven for 48 h to polymerize. Sections
were cut 5 mm thick. Two sections each were cut from
the proximal, middle, and distal regions within the
stented portion of each artery. In addition, 2 sections
were cut from the proximal and distal regions just
outside of the stented region as references. For each
region, one section was stained with hematoxylin and
eosin, and one section used Movat’s stain for histo-
logical evaluation.



FIGURE 2 Ultrasound Facilitated the Delivery of Pioglitazone Into the Arterial Wall

Representative images of the peripheral arteries demonstrating EKOS ultrasound-facilitated delivery of fluorescently labeled anti–intercellular

adhesion molecule (ICAM)-1/pioglitazone (PGN)–echogenic liposomes (ELIPs) into the arterial wall. Multispectral imaging and secondary

labeling were used with a goat anti-mouse immunoglobulin G antibody conjugated to AlexaFluor-488. Magnified sections are specified with

selection boxes. Scale bars denote 20 mm. The extent of ELIP distribution is indicated by the white arrows. Without EKOS ultrasound

activation (middle), anti–ICAM-1/PGN-ELIPs were localized to the endothelial surface, as indicated by the white arrows. With EKOS ul-

trasound activation, anti–ICAM-1/PGN-ELIPs were seen infiltrating to at least 60 mm into the arterial wall; the arrowheads indicate the extent

of ELIP distribution from the superficial to the deeper layers of the artery. NO ¼ nitric oxide.
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To measure the amount of neointimal hyperplasia,
the intima:media ratio was measured; the outer
boundary of the media (area A), the interface between
the intima and the media (area B), and the lumen
(area C) were manually traced with ImageJ software
(National Institutes of Health, Bethesda, Maryland) in
each cross-section of the arteries. The intimal volume
(area B � area C) and the medial volume (area A �
intimal volume) were calculated and expressed as the
intima:media ratio to correct for the size and shape
of various arterial segments. To show the delivery
of the fluorescence payload into the artery, an Alex-
aFluor-488–conjugated goat anti-mouse IgG antibody
at 1:800 dilution was used to detect the mouse anti–
ICAM-1 antibody on the surface of anti–ICAM-1/
PGN-ELIPs and imaged with the Nuance multispectral
imaging system (PerkinElmer Inc., Waltham,
Massachusetts).
BIOANALYTICAL ASSAY OF PGN IN ARTERIAL SEGMENTS.

For bioanalytical assay, each harvested arterial
segment was homogenized in 1 ml lysis buffer/100 mg
tissue; 0.2 ml of each was extracted with an equal



FIGURE 3 Ultrasound-Facilitated Delivery of Pioglitazone Reduced Neointimal

Atheroma Volume

Neointimal atheroma volume within stented segments as determined by using intravas-

cular ultrasound (IVUS). Ultrasound-facilitated delivery of ELIP payload was effective in

attenuating neointimal growth within the stented arterial segments (3 stented arteries in

each treatment arm). Representative IVUS images of stented segments treated with and

without ultrasound are shown (inset figure). Abbreviations as in Figure 2.
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volume of ethyl acetate. Homogenate/solvent mix-
tures in 1.5 ml Eppendorf microcentrifuge tubes were
subjected to 2 min of vigorous vortex mixing, fol-
lowed by centrifugation in a microcentrifuge
(Eppendorf) for 10 min at 10,000 rpm. Twenty-
microliter replicates of the ethyl acetate extracts
were analyzed by isocratic high-performance liquid
chromatography (Waters Corporation, Milford, Mas-
sachusetts) using a 6 � 300 mm C18 column and 60:40
acetonitrile/methanol mobile phase. PGN concentra-
tions were determined relative to internal standards
and normalized for tissue weight.

STATISTICAL ANALYSIS. SigmaStat (Systat Software
Inc., San Jose, California) was used for statistical an-
alyses. Student’s t-test was used to compare the dif-
ferences in neointimal volume between treatments
with and without ultrasound. To account for potential
correlation due to the clustered nature of data, we
conducted multilevel analysis using a generalized
estimating equation with an exchangeable correlation
structure to compare the mean intima:media ratio
and neointimal volume between the treatment and
control groups. Data are represented as mean � SEM.
A p value < 0.05 was considered significant.

RESULTS

PHYSICOCHEMICAL CHARACTERISTICS OF NO-ELIPs AND

ANTI–ICAM-1/PGN-ELIPs AND ENCAPSULATION EFFI-

CIENCY OF PGN IN ELIPs. The concentration of NO in
NO-ELIPs was 0.045 mmol/mg lipid. The conjugation
efficiency of 3 lots of anti–ICAM-1/ELIPs subse-
quently loaded with PGN and used for the experi-
ments in this study, as determined by a quantitative
immunoblot assay for liposomal IgG, ranged from
0.4 to 1.8 mg antibody/mg lipid (20% of total IgG
conjugated) and 137 to 422 molecules antibody/
liposome, respectively (23). Beckman Coulter Multi-
sizer 4 analysis enabled determination of both ELIP
numbers and size characteristics for ELIP >0.4 mm
equivalent spherical diameter, which ranged from
506 to 661 nm; ELIP numbers ranged from 4.26 � 108

to 1.23 � 1010 liposomes/mg lipid. Using transmission
electron microscopy and fluorescence microscopy,
the distribution of PGN was observed within the
lipid bilayer in the ELIPs (Figure 1). The amount of
PGN in PGN-ELIPs after anti–ICAM-1 conjugation was
39.6 mg/mg lipid.

DELIVERY OF FLUORESCENTLY LABELED ELIPs

INTO THE ARTERIAL WALL. Using the Nuance mul-
tispectral imaging system, autofluorescence inherent
to the elastic fibers and nuclei was still present in the
control artery (Figure 2). Without ultrasound activa-
tion, anti–ICAM-1/PGN-ELIPs were observed localized
to the endothelial surface of the arterial wall. With
ultrasound activation, anti–ICAM-1/PGN-ELIPs were
observed in the extracellular space in the deeper
layers of the arterial wall.

IVUS IMAGING. IVUS imaging revealed a reduction in
the neointimal area in the stented arteries treated
with NO-ELIPs and anti–ICAM-1/PGN-ELIPs with ul-
trasound. The mean neointimal volume in the stented
arteries treated with NO-ELIPs and anti–ICAM-1/PGN-
ELIPs with ultrasound activation was 1.24 � 0.25 mm3

(3 stented segments) and without ultrasound activa-
tion was 7.31 � 2.32 mm3 (3 stented segments)
(p ¼ 0.011) (Figure 3).

HISTOLOGICAL ANALYSIS. Histological analysis
showed that neointimal formation was attenuated
within the stented arteries treated with NO-ELIPs and
anti–ICAM-1/PGN-ELIPs with ultrasound activation.
The degree of neointimal formation was normalized
to the arterial geometry by using the intima:media
ratio. In the stented segments treated with NO-ELIPs
and anti–ICAM-1/PGN-ELIPs with ultrasound activa-
tion, the intima:media ratio was 29.76 � 2.26 (9 sec-
tions); without ultrasound activation, it was 46.71 �
4.90 (9 sections) (p < 0.001) (Figure 4). The neo-
intimal area of the stented arteries without ultra-
sound activation was 5.33 � 1.22 mm2; for those with



FIGURE 4 Ultrasound-Facilitated Delivery of Pioglitazone Reduced Neointimal

Hyperplasia and In-Stent Restenosis

The degree of neointimal hyperplasia within stented segments was quantitated as the

intima:media ratio in histological sections. Ultrasound-facilitated delivery of ELIP

payload was effective in reducing neointimal growth within the stented arterial segments

(9 sections from the control arteries vs. 9 sections from the treated cohort).

Representative histological images of stented segments treated with and without

ultrasound are shown. The arrows indicate the extent of neointimal formation. Abbre-

viations as in Figure 2.
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ultrasound activation, it was 2.76 �
0.46 mm2 (p ¼ 0.0047).

PGN BIOANALYTICAL HIGH-PERFORMANCE LIQUID

CHROMATOGRAPHY. The maximal amount of PGN
deposited in arterial walls by 5 mg (lipid) anti–ICAM-1/
PGN-ELIPs (with NO-ELIP pretreatment and IVUS)
was 6.0 ng/mg tissue, which corresponds to 14.8 mg
PGN per artery, or 32.6% of the administered dose.
Estimating a blood volume of 3 ml per artery, the
bioavailable dose would be 4.93 mg PGN/ml or
13.8 mM. The maximally effective dose of PGN is
10 mM (24).
DISCUSSION

By using a number of innovative strategies, including
ultrasound-triggered payload delivery, active molec-
ular targeting, and combined delivery of short- and
long-acting anti-inflammatory agents via ELIPs, we
were able to reduce in-stent restenosis in a large an-
imal model of atherosclerosis. A number of strategies
have been recently developed to reduce in-stent
restenosis. One method is to promote the dissolu-
tion of bioabsorbable stents and reduce the duration
of exposure of stent components to the arterial wall.
Another way is to deliver antiproliferative drugs such
as sirolimus or paclitaxel by using drug-eluting stents
to inhibit endothelial and smooth muscle cell
proliferation. There is also a renewed interest in
catheter-based therapeutic delivery at the time of
intervention to overcome the limitations imposed by
stent-based strategies. One example is the delivery of
paclitaxel using drug-coated balloons in peripheral
arterial interventions (6,7).

Our proposed approach using ultrasound-activated
ELIPs aims to improve the precision and flexibility of
drug delivery at the target site, and it may offer a
number of potential advantages. First, the amount of
drug can be modulated with minimal drug loss during
transit. Second, ultrasound activation can actively
deliver a precise amount of drug rather than relying
on passive diffusion as in the case of drug-coated
balloons. Third, a combination of therapeutic agents
can be delivered concurrently (in this instance, NO for
enhanced therapeutic delivery to all of the peri-stent
area and PGN to stabilize the anti-inflammatory
response associated with foreign body [stent] place-
ment) to maximize both short- and long-term clinical
outcomes. Finally, precision targeting by means of
antibody homing enhances the retention and prox-
imity of ELIPs at the target and improves the effi-
ciency of ultrasound-facilitated payload delivery into
the arterial wall.

Liposomes have a number of unique characteristics
that are particularly suited for payload delivery (25).
The compartments of aqueous core and lipid bilayer
can carry both hydrophilic and lipophilic drugs,
respectively. The surface of liposomes can be modi-
fied to prolong their in vivo circulation or function-
alized to display homing ligands for specific targeting
(16). ELIPs have the added feature of “gas pockets”
that allow their visualization via ultrasound in mo-
lecular imaging (12,14,26), serve as a reservoir for
bioactive gases such as NO (8), respond to ultrasound-
triggered sonoporation for controlled drug release



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 1 , 2 0 2 0 Kee et al.
J A N U A R Y 2 0 2 0 : 1 – 1 1 Stabilizing Peri-Stent Restenosis Using Novel Therapeutic Carrier

9

(25), or provide nuclei for cavitation that can cause
convection with enhanced drug delivery (27,28).

NO and PGN were chosen for their synergistic ef-
fects on restoring endothelial function, inhibiting
inflammatory cellular recruitment and reducing neo-
intimal hyperplasia. NO production is impaired in
damaged endothelium after angioplasty and is
responsible for de novo and in-stent restenosis
(29,30). Stents eluting antiproliferative agents such as
sirolimus and paclitaxel are more deleterious than
bare-metal stents in impairing endothelium-
dependent relaxation responses to acetylcholine,
reducing endothelial NO synthase expression and
local NO production (31,32). These effects lead to a
failure of re-endothelialization and vascular repair,
and they account for the high rates of very late stent
thrombosis in association with drug-eluting stent
implantation (5).

Incorporation and local release of NO-releasing
substances via stent struts may reduce platelet
adhesion and intimal hyperplasia but do not solve the
issues of long-term exposure to stent components.
One approach to restoring local NO production is to
increase local NO synthase (NOS) activity.
Adenovirus-mediated NOS gene transfer restored NO
production and reduced neointima formation after
angioplasty (33–35). However, longevity of gene
expression and toxic effects of vector-induced
inflammation are the main concerns regarding gene
transfer vector technology.

Direct delivery of NO to the arterial wall is an
attractive approach, as this strategy does not reduce
generation of endothelial NOS uncoupling-dependent
reactive oxygen species. The effective dose of NO
delivery to the arterial wall can be tuned by varying
the amount and rate of NO-ELIP infusion and
adjusting the ultrasound parameters to control
payload release. Our previous study found that NO-
ELIPs can protect NO from hemoglobin scavenging
and deliver NO into the rabbit artery ex vivo by using
a flow circuit that mimics the flow situation inside an
artery (36). However, the acute effect of NO is
short-lived, and an additional agent is necessary
to sustain an environment for promoting re-
endothelialization and reducing local inflammation.
Peroxisome proliferator–activated receptor-g agonists
such as PGN exert their pleiotropic effects at a gene
level via their binding to the peroxisome proliferator
response element. Peroxisome proliferator–activated
receptor-g activation plays an important role in pro-
moting endothelial proliferation by reducing the
production of plasminogen activator inhibitor type 1
(37), reducing leukocyte infiltration by suppressing
adhesion molecule expression in the endothelial cells
(38,39), inhibiting vascular smooth muscle migration
by controlling the mitogen-activated protein kinase
pathway (40,41), and reducing inflammation by
attenuating cytokine production and nuclear factor-
kB transcription activity (38,42). We have shown that
ELIPs containing both NO and rosiglitazone could
attenuate intimal proliferation in balloon-injured ca-
rotid arteries in rabbits (43).

In the current study, we improved the efficiency of
ELIP-mediated payload delivery by direct intravas-
cular delivery of the therapeutic agents, active tar-
geting of the ELIPs to the inflamed endothelium with
anti–ICAM-1 antibody targeting, and site-specific ul-
trasound-activated payload release using the EKOS
catheter. Bioanalytical determination of PGN con-
centrations in arterial homogenates confirmed depo-
sition of the drug in the arterial wall at an equivalent
concentration within the effective range (24).
Because this mode of PGN delivery is different from
the water-soluble plasma distribution seen in current
practice, pharmacodynamic studies are needed to
confirm that the delivered dose is sufficient to pro-
voke the desired anti-inflammatory effects. Evidence
for treatment efficacy provided by this study, how-
ever, is consistent with that hypothesis. In our pre-
vious study, we showed that ultrasound activation
was effective in delivering calcein-loaded immunoli-
posomes into all layers of the arterial wall in a mini-
ature swine model (44).
STUDY LIMITATIONS. Although we evaluated 9 ar-
teries, each artery was segmented into multiple sec-
tions, yielding additional data points for IVUS and
histological analyses. Fixed doses of NO and PGN, as
well as one ultrasound parameter, were studied.
Optimization of the delivery strategy is still required.
NO-ELIPs and anti–ICAM-1/PGN-ELIPs were not
tested independently for their therapeutic effects in
the current study. However, we have evidence that
pre-treatment of the artery with NO-ELIPs was abso-
lutely necessary to facilitate the subsequent delivery
of anti–ICAM-1/ELIPs into the arterial wall (14).
Ideally, both ELIPs should be tested independently,
but we decided that resources were better used to
evaluate the effect of ultrasound activation in drug
delivery. Oral PGN was not considered as a control
because the objective of this study was to evaluate
local intra-arterial delivery of the therapeutic agents
during stent implantation for acute reduction in
inflammation and avoid the systemic side effects of
the agent.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

In-stent restenosis remains a major clinical issue even

in the era of drug-eluting stents. We used an

ultrasound-triggered drug delivery system approved

by the U.S. Food and Drug Administration to deliver

our novel drug-loaded ELIPs deployable at the time of

stent implantation. Such a treatment strategy atten-

uated neointimal formation in the stented peripheral

arteries in a large animal model of atherosclerosis and

represents a promising approach to the management

of in-stent restenosis.

TRANSLATIONAL OUTLOOK: For the clinical

translation, first-in-human study will be carried out in

human subjects with obstructive peripheral artery

disease requiring stent implantation. Ultrasound-

facilitated delivery of NO and PGN will be performed

immediately after stent implantation. Safety, symp-

tomatic improvement and functional improvement

will be evaluated in the subjects.
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The major advantage of our PGN formulation is the
much lower dose of the drug to be administered than
what is administered systemically, probably obvi-
ating the adverse effects previously seen in clinical
use of the drug. Although we reported evidence of
payload delivery into the arterial wall, the exact
amount of payload delivery has not been determined.
Another consideration relates to the relatively short
duration (8 weeks) between stent implantation and
tissue harvest for histological analysis. As a result,
future studies must be performed to show the durable
effect of this therapeutic approach in preventing late
restenosis. Finally, although the Yucatan miniature
swine model of atherosclerosis generates human-like
atheroma and has been widely used as a pre-clinical
model for device and drug evaluation, the lesions
may not resemble all chronic pathobiological features
and natural history seen in human atherosclerosis.
The size and anatomical similarity of the animal with
humans make it a valuable tool for evaluation of
intravascular devices for drug delivery.

CONCLUSIONS

A combined strategy of active targeting and
ultrasound-facilitated delivery of NO and PGN was
effective in attenuating neointimal growth and in-
stent restenosis in stented peripheral arteries. These
findings set the stage for further development of the
drug delivery ultrasound catheter for direct therapy
for multiple atheromatous vascular territories.
ADDRESS FOR CORRESPONDENCE: Dr. Patrick H.
Kee, Department of Internal Medicine, The University
of Texas Health Science Center at Houston, 1881 East
Road, 3SCRB 6.4607, Houston, Texas 77054-6011.
E-mail: patrick.kee@uth.tmc.edu.
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